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Abstract. A comprehensive methodology for modelling, analyzing and assessing the structural response of 
unreinforced concrete tunnel linings is presented. Various modelling techniques are described, considering the 
plane finite element representation of the lining geometry, material constitutive laws, and boundary and 
interface conditions. Furthermore, all relevant external loading cases are studied, including gravity, 
environmental, fire, blast, and seismic loading. Potential pitfalls in the modelling and analysis procedures are 
identified and properly dealt with. The suggested methodology is finally applied to actual tunnel linings and the 
interpretation of the analysis results leads to important conclusions regarding the applicability of different 
analysis methods and the performance of unreinforced concrete linings. 
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1. Introduction 
 
 Although the lining of modern roadway tunnels is typically constructed in reinforced concrete, cost 
considerations sometimes lead to the use of unreinforced (plain) concrete when the right conditions are met, 
mainly when the tunnel is constructed in solid rock and when dynamic loads are not critical for the design of the 
lining. Notwithstanding cost considerations, the use of plain concrete has the advantage that it relieves 
construction from the problems associated with the use of reinforcement bars, i.e. compaction of concrete in 
congested regions and possible damage inflicted to waterproofing membranes by the steel bars. 
 Unreinforced concrete linings are expected to crack and the extent of cracking is the most critical design 
criterion in such linings. It is notable that modern design specifications for tunnels, like the German ZTV-ING 
(BASt, 2007), or the American Technical Manual for Design and Construction of Road Tunnels (FHWA, 2009) 
do not contain any specific requirements for this case; in fact, allowable crack criteria for unreinforced linings 
are the subject of current research (see http://www.bast.de/nn_74576/EN/E-Forschungsprojekte/e-laufende/e-fp-
laufend-b3.html). Other documents like the French Recommendations for plain concrete in tunnels (AFTES, 
2000) adopt indirect criteria for crack control, i.e. they place limits on the residual compression zone, by 
requiring that the eccentricity of the axial load e = M/N (where M is the bending moment and N the axial load) 
should not exceed 30% of the lining thickness.  
 Noticeable differences exist among current codes with respect to the assumptions made for the verification of 
unreinforced linings against bending moment and axial load, in particular with respect to the way the tensile 
strength of concrete is taken into account. The European code for concrete, Eurocode 2 (CEN 2004a), includes 
rather detailed provisions for plain concrete (meant for static loading only) and specifies that tensile strength of 
concrete can be taken into account; however, the pertinent design equation adopted by Eurocode 2 ignores this 
strength and only involves the compression strength and the eccentricity (e). The FHWA (2009) Manual 
requires a check of the tensile stresses (and also the compressive stresses) under the design M and N. Other 
documents like the AFTES (2000) recommendations ignore the tensile strength of concrete and the basic design 
verification is a limitation of the eccentricity (see above); a similar procedure is adopted in the German 
Recommendations for Unreinforced Linings (DAUB 2007). Further discrepancies exist in shear verifications, 
which are mandatory in some codes (FHWA, Eurocode 2) but are not required in others (DAUB). 
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 The above remarks make it clear that there is still substantial room for improving/refining the existing 
procedures for the design of unreinforced concrete linings. Moreover, the paramount role of parameters like the 
crack width, which are difficult to estimate reliably using elastic methods, point to the need of using 
sophisticated methods of analysis, namely nonlinear finite element analysis, as part of the design process of 
plain concrete linings and/or for calibrating simpler methods for practical design. 
 The present study is a contribution in this direction, using existing regulations as a starting point for 
introducing appropriate analysis methods that allow proper checking of the pertinent performance criteria, 
focussing on deformation quantities. It has to be pointed out here that use of advanced analysis tools (nonlinear 
finite elements or finite differences) is already part of actual design practice (e.g. Corigliano et al. 2011), at least 
in important tunnels, and are specifically recognised by pertinent documents like the American FHWA (2009). 
The present study originated in a very practical context, i.e. the assessment of the capacity of the unreinforced 
concrete linings proposedΝbyΝtheΝConstructor’sΝteamΝforΝpartsΝofΝthreeΝmajorΝtunnels (up to 6 km long) currently 
being built in Greece, and nonlinear finite element analysis was used both by the consultants of the Constructor 
and by the authors who acted as reviewers of the design of the tunnel linings. The paper attempts to provide 
proper guidance for the reliable and efficient use of the aforementioned advanced analysis tools by designers 
with adequate experience in the field. Furthermore, it addresses for the first time the detailed analysis of plain 
concrete linings subjected to seismic loading, an issue that is typically ignored in previous studies. 
 
 
2. Modelling procedures  
 
 In this section, various techniques for finite element modelling of unreinforced tunnel linings are described, 
considering geometry, material constitutive laws, and boundary and interface conditions. Furthermore, the 
relevant load cases will be presented, including gravity, environmental, fire, blast, and seismic loading. Specific 
numerical values together with corresponding analysis results in an actual application will be presented in the 
next section. The discussion focuses on two typical cross-section types used in roadway tunnels, nevertheless 
the modelling approach used can be applied to other cross-sections as well. 
 Two typical lining cross-section ‘prototypes’ are considered (Fig. 1), the first of the horseshoe type with strip 
footings, and the second of the closed type with an invert (typically required in weak rock conditions); the vault 
geometry is identical in both sections. The outer radius of the vault of the actual sections depicted in Fig. 1, from 
the centre of the traffic lane, is 7.85 m and the lining thickness is 0.45 m. For modelling and analysis, the finite 
element package ATENA (Červenka et al. 2012), specifically developed for plain and reinforced concrete 
structures, is employed throughout the present study. 
 
Fig. 1 Typical lining sections : horseshoe (left) and closed section with invert (right). Courtesy of EOAE SA. 
 
 2.1 Modelling of the lining section 
 
 Following the usual assumption of infinite tunnel length (in reality the length of a tunnel segment is about 14 
m), a two-dimensional (2D) finite element formulation underΝplaneΝstrainΝconditionsΝ(İz =Ν0,Νσz ≠Ν0) is adopted. 
Four-node quadrilateral finite elements with typical size of 7.5 cm and thickness of 1.0 m are utilized, leading to 
a dense mesh of a total of 2538 and 4050 elements (6 elements across lining thickness) for the horseshoe and 
invert geometries, respectively (Fig. 2). The mesh density is selected with a view to striking a balance between 
(a) adequate resolution in analysis results and (b) heavy computational requirements, considering the use of 
advanced nonlinear material models and boundary conditions. 
 For the unreinforced concrete vault, a nonlinear fracture-plastic material model (ČervenkaΝ etΝ al.Ν 1λλ8,Ν
ČervenkaΝ&ΝPapanikolaouΝ2008) is assigned to the vault elements, capable of capturing important aspects of 
concrete behaviour such as cracking, crushing, and crack closure. On the contrary, the reinforced concrete 
footings and invert are modelled using an elastic isotropic material (concrete elastic properties), since cracking 
in these regions is generally not expected due to the presence of reinforcement. An alternative approach would 
have been to model the above regions either with explicit or smeared reinforcement, however this would have 
led to increased computational demands without considerable benefit. 
 Boundary conditions between the tunnel lining and the surrounding rock-mass are modelled following the 
familiar Winkler spring approach (Dutta and Roy 2002). Specifically, unilateral compression-only, linearly 
distributed springs are applied along the vault and the foundation (footings/invert) outer boundary (Fig. 3). The 
spring compression stiffness (KV) is calculated considering plane strain conditions, as follows: 
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   (kN/m2 = kN per meter of spring contraction per meter of line length) (1) 
 
where (Es) and (Ȟs) are the subgradeΝ reactionΝ modulusΝ andΝ Poisson’sΝ ratio of the rock mass, respectively. 
Furthermore, the horizontal friction between footings and underlying rock mass is modelled with elastic bilateral 
springs of stiffness KH, typically equal to 30-50 % of KV (Fig. 3, left).  
 
 
 
 
Fig. 2 Finite element meshes : horseshoe section (left) and closed section (right). 
 
 
 
Fig. 3 Boundary conditions between tunnel lining and surrounding rock mass. 
 
 Another important modelling aspect is the consideration of the construction joints between the vault and the 
foundation. These joints are modelled using interface elements, connecting the adjacent vault and foundation 
line boundaries. The interface elements are configured as unilateral contacts, incorporating a 
concrete-to-concreteΝfrictionΝcoefficientΝ(ȝ), which depends on surface roughness (typical value 0.8). It is noted 
that contact modelling is prone to introducing instabilities in the numerical solution and should be handled with 
caution. To improve stability, it is recommended to use a low value of cohesion (e.g. 0.1 kN). In general, a 
preliminary geometrically-nonlinear analysis with elastic material properties is recommended, in order to 
identify and overcome any modelling pitfalls. 
 2.2 Modelling of various load types 
 
 In the following subsections, various load types and load combinations describing static, quasi-static, 
environmental, accidental, fire, and seismic loading on unreinforced concrete tunnel linings are described, with 
specific reference to the aforementioned finite element models. 
 
 2.2.1 Static, quasi-static, environmental, and accidental loading 
 
 The first load case that develops after construction is the lining dead load, defined as a gravitational body load 
automatically calculated from finite element tributary areas, on the basis of the density of concrete (typically 
ρc = 2400 kg/m3 for normal unreinforced concrete). This is followed by the development of early creep effects, 
which can be simply represented by an equivalent uniform temperature decrease (−ǻt) in concrete finite 
elements. A similar load type is subsequently applied to account for environmental temperature variations, 
usually during winter (typically ǻt = −10 oC in southern Europe). Furthermore, pavement and traffic (on the 
invert’s top boundary) live loads are applied in the form of a constant distributed force, as depicted in Fig. 4. 
The last case in the above sequence is the external rock mass load, which gradually develops in a long term 
fashion, after the excavation and construction of the tunnel, depending on the physical properties of the rock 
mass (higher values correspond to more deteriorated rock mass). This may be represented by a linearly varying 
distributed force, normal to the tunnel lining, with an upper bound of p1 at the vault key and a lower bound of p2 
at the vault base (Fig. 5), further decreasing to zero at the invert floor. The aforementioned sequential 
application of static, quasi-static and environmental loads is considered as the basic combination (also referred 
to as sequence) for the assessment of the tunnel structural response.   
 A special situation that also has to be assessed is the tunnel structural integrity at the time of formwork 
demoulding. This can be conveniently modelled by modifying concrete material parameters, in order to reflect 
the concrete strength at the time of demoulding (usually a small fraction of the 28-day strength). This updated 
dead load case should be subsequently followed by the application of hydration heat, in the form of uniform 
temperatureΝincreaseΝ(+ǻt)ΝinΝconcreteΝfiniteΝelements. 
 
 
 
 
Fig. 4 Application of pavement load. 
 
 
 
Fig. 5 Application of rock mass load. 
 
 Accidental loading is another important case that should be addressed in design or assessment of tunnel 
linings. Three accidental load cases are described hereinafter, namely blast, hydrostatic, and wedge loading, 
which should be properly combined with the aforementioned static and environmental loads before analysis:  
 
(a) Accidental hydrostatic loading (due to possible blocking of the drainage pipe next to the construction joint) 
is modelled using a horizontal triangularly distributed force on the blocked side of the lining (Fig. 6, left). 
The load value at the base is p = ρw∙g∙h, where ρw is the density of water (1000 kg/m3) and h is the vault 
height. This case succeeds the [dead + creep + pavement + rock mass] load sequence in the analysis. 
(b) Blast (explosion) loading is modelled using a constant inverted distributed force on the inner lining boundary 
(Fig. 6, right). This case succeeds only the [dead + creep] load sequence in the analysis for safety, since it 
counteracts both environmental and rock mass loading. 
(c) Wedge loading is a special case that emerges from the accidental abruption of large rock volumes from the 
tunnel surrounding rock mass, formingΝ blocksΝ (‘wedges’)Ν asΝ shownΝ inΝ Fig. 7 (left). The tendency of the 
wedge to detach from the surrounding rock mass will trigger an arching effect in the initial stress field above 
theΝwedgeνΝinΝotherΝwordsΝtheΝ‘void’Ν(theΝdiscontinuity)ΝcreatedΝinΝtheΝrock-mass due to the detachment of 
the wedge will magnify the stresses on either end, causing a local overstressing in these areas. This can be 
modelled by modifying the aforementioned rock mass load case (Fig. 5) as follows: by operating only on the 
half-length of the vault (from key to construction joint), the rock mass load is augmented in both half-length 
ends (p3) and reduced in-between (p4).ΝTheΝaugmentationΝ lengthΝ isΝexpressedΝasΝaΝ fractionΝ(α)ΝofΝ theΝ totalΝ
half-length () and controls the severity of the wedging effect. Typical values for (α)Ν areΝ in the range of 
0.2 ~ 0.3. The wedge case succeeds the [dead + creep + pavement] load sequence in the analysis. 
 
 
 
 
Fig. 6 Application of hydrostatic (left) and blast loading (right). 
 
 
 
 
Fig. 7 Rock volume abruption (left) and application of wedge loading (right). 
 
 It is finally noted, that for carrying out the nonlinear analysis, an adequate number of load steps (typically 20) 
is assigned for each load case participating in the load sequence. The solution algorithm employed is a standard 
Newton-Raphson scheme with line searches, since snap-through and snap-back phenomena (i.e. concrete 
softening) are generally not expected herein. The convergence criteria of the solution algorithm should be 
carefully selected, to maintain balance between numerical stability and computational cost. 
 
 2.2.2 Fire loading 
 
 The structural response of the unreinforced concrete tunnel linings under fire is a special accidental loading 
type that requires extensions and modifications to the former conventional nonlinear analysis practices, mainly 
in the aspects of finite element modelling, material constitutive models and solution procedures (ČervenkaΝetΝal.Ν
2004, Bergmeister 2008). More specifically, the analysis procedure is currently twofold; a heat transfer 
(transport) analysis based on a specific temperature profile is first performed, providing concrete strain fields vs. 
fire exposure time. These calculated strain fields are subsequently injected into a nonlinear static (mechanical) 
analysis, which provides concrete stress and cracking evolution during fire exposure. It is assumed for simplicity 
that the two aforementioned analysis procedures are uncoupled. 
 In order to conduct heat transfer analysis, it is advisable to first densify the finite element mesh along the fire 
front line to provide higher resolution in the strain field results that will be introduced in the ensuing static 
analysis (Fig. 8). Furthermore, to avoid potential numerical instabilities during static analysis, the fire front is 
marginally shifted away from the construction joint interfaces. The material heat transfer model employed, 
assigned to concrete finite elements (ČervenkaΝetΝal.Ν2012) is an advanced heat and moisture diffusion model 
that requires the following parameters: 
 
(a) Concrete type (siliceous or calcareous). 
(b) Concrete water-to-cement ratio (w/c). 
(c) Concrete thermal conductivity (Ȝc) vs. temperature (T). 
(d) Concrete volumetric specific heat (cV) vs. temperature (T). 
 
 TheΝ evolutionΝ ofΝ theΝ thermalΝ conductivityΝ (Ȝc) and volumetric specific heat (cV) for concrete are defined 
according to Eurocode requirements for fire design (EN1992-1-2 2004b) and depicted in Fig. 9. To be on the 
safe side,Ν theΝlowerΝlimitΝofΝtheΝȜc - T curve is considered. Subsequently, the fire boundary line (see Fig. 8) is 
associated with a temperature profile, i.e. the evolution of temperature vs. fire exposure time. Since the pertinent 
Eurocode, EN1992-1-2 (CEN 2004b) does not include explicit recommendations for tunnel fire loading, the 
employed fire scenarios are selected from the literature (FIT 2005, UPTUN 2008, fib 2008, 2010). More 
specifically, two profiles are selected (Fig. 10), theΝ ‘standard’Ν curveΝ (EinheitstemperaturkurveΝ - ETK) of 
EN1991-1-2 (CEN 2002) and the hydrocarbon fire (modified hydrocarbon curve - mHC), representing the most 
unfavourable scenario, both operating on a total exposure period of three hours (180 min). The coefficient of 
heatΝtransferΝbyΝconvectionΝ(αc) is taken equal to 25 and 50 W/m2∙oC for ETK and mHC profiles, respectively, 
and the emissivity (İr) as constant, equal to 0.7 (EN1992-1-2 2004b). The convection and emissivity heat flux is 
calculated as follows: 
  qn =Ναc∙(Tg −ΝTb)Ν+Νİr∙σ∙(Tg4 −ΝTb4) (2) 
where: 
- qn is the heat flow at the fire exposed boundary (W/m2) 
- σΝisΝtheΝStefan-BoltzmannΝconstantΝ(5.67∙10-8 W/m2∙oC4) 
- Tg is the absolute temperature of radiation source (oC) 
- Tb is the structure boundary temperature (oC) 
 
 
 
Fig. 8 Vault mesh modification for heat transfer analysis. 
 The strain fields calculated from the above heat transfer analysis, are imposed on the original model, 
following the application of the [dead + creep + pavement + rock mass] load sequence. Since concrete 
properties are temperature-dependent, they are herein introduced as variables (rather than constants) in the 
nonlinear static problem, following EN1992-1-2 (2004b)ΝandΝspecificΝsoftwareΝrecommendationsΝ(ČervenkaΝetΝ
al. 2012). Variables include concrete elastic modulus (Ec), compressive strength (fc), tensile strength (ft), plastic 
strainΝ(İcp), fracture energy (GF) and compressive failure displacement (wd), in ratio form with respect to normal 
(15 oC) temperature (Fig. 11). The nonlinear static analysis is finally performed using a fine load step 
corresponding to 15 and 30 seconds of fire exposure (total 720 and 360 steps) for mHC and ETC curves, 
respectively. It is also possible to account for uneven step size, to optimize the computational cost. 
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Fig. 9 Evolution of thermal conductivity and volumetric specific heat of concrete vs. temperature according to EN1992-1-2. 
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Fig. 10 Fire temperature profiles. 
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Fig. 11 Temperature-dependent concrete properties. 
 2.2.3 Seismic loading 
 
 In countries of high seismicity, engineering experience has shown that seismic excitation in the vicinity of a 
tunnel may cause considerable structural damage (Dowding and Rozen, 1978, St. John and Zahrah 1987, Wang 
1993), especially to unreinforced concrete linings. Consequently, the trend in international codes of practice 
(Hashash et al. 2001) is to design tunnel linings against axial strains and curvatures imposed by the surrounding 
rock mass (where it can be assumed, for simplicity, that the lining strains are practically identical with those of 
the adjacent rock mass, i.e. the seismic shear wave medium), as well as against shape change (caused by shear 
deformation of the ground), also referred to as ovalization. 
 Consequently, the final load type investigated in the present study is the seismic excitation of the tunnel 
lining, a situation that is often overlooked in similar studies due to the complexity involved in its modelling and 
the associated high level of uncertainty. Two modelling procedures regarding rock mass representation are 
suggested herein, one for the aforementioned rock mass loading leading to curvature of the longitudinal axis of 
the lining, which is based on the Winkler spring approach presented in previous sections, and the other for shape 
change loading, following the more demanding elastic continuum modelling approach. 
 The first procedure is based on the same models already described for nonlinear static analysis. In line with 
the plane strain assumption, the seismic loading is applied to the lining section (Fig. 12, left) as a horizontal 
body load (asymmetrical), which is automatically calculated from finite element tributary areas using the 
specific weight of concrete, multiplied by the seismic coefficient (a). The seismic coefficient is usually provided 
from National Annexes to Code regulations (e.g. EN1998-1 2004c), corresponding to the seismic zone where 
the structure is situated, while here it was estimated from a site-specific seismic hazard analysis (EAEE SA 
internal report by Pavlidis et al., Dec. 2010). Furthermore, a symmetrical seismic load, mainly resulting from 
vertical ground shaking, is also considered, acting simultaneously on both sides of the vault. This is realized by 
applying earth pressure loads at rest, suitably amplified to account for seismic excitation (e.g. p1 = 1.5∙α∙ρc∙g∙h, 
p2 = 0.5∙α∙ρc∙g∙h, where (h) is the vault height, Fig. 12, right). Similarly to fire loading, seismic loads are applied 
subsequent to the [dead + creep + pavement + rock mass] load sequence. This loading case is generally not 
critical for tunnels bored into rock, but it is included herein for the sake of completeness, since it can be a 
critical case in other tunnel types (like cut-and-cover). 
 
 
 
 
Fig. 12 Asymmetrical (left) and symmetrical (right) seismic loading for Winkler spring models. 
 
 
 
Fig. 13 Ovalization loading (left) and rock mass modelling as elastic continuum (right). 
 The second and computationally more demanding approach is modelling the ovalization effect due to the 
shape change imposed by ground deformation caused by seismic excitation. The ovalization load can be 
representedΝbyΝaΝmaximumΝshearΝdistortionΝ(γ)ΝofΝtheΝgroundΝ(Fig.Ν13,Νleft).ΝTheΝshearΝdistortionΝvalueΝcanΝbeΝ
calculated as (St. John and Zahrah 1987, Wang 1993): 
 
  γΝ=ΝVS/CS (3) 
 
where (VS) is the maximum expected particle velocity from shear wave and (CS) is the effective shear wave 
propagation velocity. This requirement inevitably requires the finite element representation of the surrounding 
rock mass. To this purpose, an adequately large rock mass profile (50×50Νm),ΝcorrespondingΝtoΝ3~5ΝtimesΝtheΝ
tunnel gross dimensions is superimposed on the original model, using elastic isotropic material corresponding to 
the rock mass elastic properties (see Eq. (1)) as depicted in Fig. 13, right. To optimize the computational cost, 
the mesh topology of the elastic continuum is described by a smooth transition from the (original) very dense 
lining mesh to a sparse discretisation at the model boundary. For this reason, two different meshing zones are 
employed (depicted with different colour in Fig. 13). 
 As far as the new boundary conditions are concerned, the original distributed springs along the vault outer 
boundary are removed and replaced by unilateral contact interface conditions (without friction), corresponding 
to the waterproofing membrane placed between concrete and rock mass (or temporary lining, in other cases) 
during construction (Fig. 14). However, the horizontal friction between footings and underlying rock mass is 
preserved. During nonlinear analysis, the dead and creep load are first imposed with restrained model 
boundaries,Ν followedΝbyΝ theΝ applicationΝ ofΝ shearΝ distortionΝ (γ) profile on the vertical model boundary (using 
prescribed displacements) and the restraint of the horizontal base (Fig. 13, left). It is finally noted, that a simple 
and advisable validity check for the integrity of the continuum model, is the comparison of the vault key vertical 
displacement due to (the same) gravity load, between the continuum and the Winkler spring model. In the 
present application, a small difference of 5 % was found, which is justified by the fact that springs can contract 
independently of each other, which does not apply in a continuum model (Dutta and Roy 2002). Nevertheless, 
this small difference implies that the application of the spring approach on the other case studies presented in 
this paper is acceptable, let alone the substantially lower computational cost required, which is convenient for 
practical applications. 
 
 
 
Fig. 14 Boundary conditions between tunnel lining and rock mass. 
 
 In the next section, the aforementioned modelling techniques are applied to actually constructed tunnels in the 
region of central Greece with detailed reference to the pertinent constitutive model and loading parameters, 
followed by the presentation and discussion of selected nonlinear analysis results. 
 
 
3. Case studies and discussion of analysis results 
 
 In this section, various case studies and representative nonlinear analysis results, based on actually constructed 
tunnels in central Greece (PATHE project, Maliakos-Kleidi section), will be presented and discussed. These 
case studies are based on two different lining geometries (see Fig. 1) and various load cases/combinations, as 
described in the previous section. The verifications are carried out with the aid of both inelastic (nonlinear FEA) 
and material-elastic analysis methods, while several criteria are checked, as prescribed by codes and/or 
international recommendations. A detailed list of the considered concrete and rock mass material properties, as 
well as of load magnitudes, for various load cases are presented in Tables 1 and 2, respectively. The basic, 
demoulding and blast combinations are applied to both the horseshoe and closed-section models, while the 
hydrostatic, wedge, fire, and seismic load combinations are applied to the horseshoe model, corresponding to a 
lining constructed in a different location (different ground properties). Note that the seismic acceleration was 
defined on the basis of the previously mentioned site-specific seismic hazard analysis for the site of the tunnel 
analysed, while the shear strain was estimated from the acceleration and the properties of the rock mass, using 
empirical relationships from the literature. 
 
Table 1. Concrete and rock mass material properties 
Concrete Units Load case type Demoulding Static Accidental/Seismic Fire 
Ec GPa 32 32 32 32 
Ȟ − 0.2 0.2 0.2 0.2 
αcc ,Ναct − 0.85 0.85 0.85 1.0 
γc − 1.2 1.5 1.2 1.0 
fck MPa 2 30 30 30 
fcd =Ναccfck /Νγc MPa 0.94 17.00 21.25 30.00 
fctm MPa 0.48 2.90 2.90 2.90 
fctk,0.05 MPa 0.33 2.00 2.00 2.00 
fctd =Ναctfctk,0.05 /Νγc MPa 0.18 1.13 1.42 2.00 
GF MN/m 1.1λ1∙10−5 7.241∙10−5 7.241∙10−5 7.241∙10−5 
İc − 2.20Ν‰ 2.20Ν‰ 2.20Ν‰ 2.20Ν‰ 
İcp =Νİc − fctm/Ec − 2.17Ν‰ 1.66Ν‰ 1.54Ν‰ 1.26Ν‰ 
w/c − − 0.3 
ρc,unreinforced kg/m3 2400 
ρc,reinforced kg/m3 2500 
α 1/οC 10−5 
Rock mass Units Lining type Horseshoe* Horseshoe** Closed section* 
Es MPa 1000 800 300 
Ȟs − 0.3 0.2 0.25 
KV (Eq. (1)) MN/m2 1098.9 833.3 320.0 
KH MN/m2 329.7 416.7 − 
ρs kg/m3 − 2600 − 
*for basic, demoulding and blast combinations ** for hydrostatic, wedge, fire and seismic combinations 
 
Table 2. Load values for various load cases 
Load case Units Values of load parameters horseshoe model closed-section model 
Hydration
 
oC ǻt = +15.0 ǻt = +15.0 
Creep oC ǻt = −7.7 ǻt = −7.7 
Environmental (winter) oC ǻt = −10.0 ǻt = −10.0 
Pavement (Fig. 4) kN p = 10.0 p1 = 10.0 , p2 = 33.3 
Rock mass (Fig. 5) kN p1 = 180.0 , p2 = 108.0 p1 = 200.0 , p2 = 120.0 
Blast (Fig. 6, right) kN p = 100.0 p = 100.0 
Hydrostatic (Fig. 6, left) kN p = 90.0 − 
Wedge-a (Fig. 7) kN αΝ=Ν1/5 , p3 = 270.0 , p4 = 36.0 − 
Wedge-b (Fig. 7) kN αΝ=Ν1/3 , p3 = 270.0 , p4 = 36.0 − 
Seismic, symmetric (Fig. 12, left)
 
− αΝ=Ν0.35 − 
Seismic, asymmetric (Fig. 12, right) kN p1 = 129.6 , p2 = 43.2 − 
Seismic, ovalization* − γ =Ν±0.006 − 
*from Eq. (3)  γΝ=ΝVS/CS =Ν0.41/650Ν≈Ν0.006 
 
 As noted in the Introduction, for unreinforced concrete tunnel linings, the key performance criterion is crack 
width; this can be checked either indirectly (through simplified material-elastic analysis for bending moment 
and axial loading, followed by the estimation of natural axis depth), or directly, through advanced nonlinear 
analysis that permits reliable estimation of crack width. The herein employed analysis software (ATENA, 
ČervenkaΝetΝal.Ν2012) is capable of providing both cracking propagation/orientation and corresponding width. 
Consequently, the assessment of the tunnel lining response under various loading conditions can be primarily 
performed in terms of (a) maximum crack width and (b) remaining uncracked zone across the lining section 
thickness at the end of the analysis. The latter can be estimated either from software cracking visuals or from 
colour contours corresponding to the initial (uncracked) concrete tensile strength (fctd) (Fig. 15, left). It is noted 
however, that a proper estimation of the uncracked zone should not only consider the above reduction of the 
concrete tensile strength itself but also the actual severity (width) of cracking. For unreinforced concrete, tunnel 
designers typically use the criterion that crack width should not exceed 1.0 mm, while the remaining uncracked 
zone should be at least half of the total lining thickness (DIN 1045-1 2000, AFTES 2000). 
 Since specific recommendations for assessing the nonlinear structural response of tunnel linings are not 
generally provided in codes of practice, selection of appropriate criteria is required to handle the present 
problem from a conventional/code perspective, as necessary for comparison and validation reasons. More 
specifically, the nonlinear finite element analysis is repeated here, considering elastic isotropic material 
properties (analysis will still be geometrically nonlinear due to boundary conditions), calculating the section 
capacity factor (Ȝ)Νfor different action effects, i.e.: 
 
(a) Flexural capacity ratio (ȜȂ= ȂǼd/ȂRd) for a fixed axial load, where MEd is the moment derived from analysis 
(integrated from stresses across the lining thickness) and MRd is the flexural capacity, calculated from 
material properties and section geometry. 
(b) Axial capacity ratio (Ȝȃ = ȃǼd/ȃRd), where NEd is the axial force from analysis (compression negative) and 
NRd is the axial capacity of the section, calculated as follows (EN1992-1-1 2004a): 
 
  NRd = fcd∙b∙hw∙(1−2∙e/hw) (4) 
 
where e = MEd/NEd is the section eccentricity (Fig. 15, right), applicable for hw/2 > e > 0, yet with an upper 
recommendedΝ valueΝ ofΝ 0.3∙hw (AFTES, 2000). In the present application, b = 1.0 m and hw = 0.45 m are 
considered, whereas safety conditions correspond to capacity ratios ȜΝ≤Ν1. It is noted, that if concrete cracking 
does not occur in the initial nonlinear analysis, it is not necessary to repeat the analysis considering elastic 
material properties. 
 Other possible evaluation criteria are the vertical deflection at the vault key, the overall section deformed 
shape and the interface behaviour at the construction joints and concrete-rock mass boundaries (ovalization 
case). The application of all aforementioned evaluation procedures along with the respective analysis results are 
presented in the subsequent subsections. 
 
 3.1 Static, quasi-static and environmental loading 
 
 Fig. 16 shows the analysis results from the basic [dead + creep + temperature + pavement + rock mass] load 
sequence for both horseshoe and closed section lining sections. The residual concrete tensile strength (fctd) 
contoursΝ areΝ displayedΝ onΝ theΝmodelΝ deformedΝ shapeΝ (×50),Ν overlaidΝ byΝ theΝ correspondingΝ crackingΝ pattern.Ν
εoreover,Ν theΝ verticalΝ deflectionΝ (į)Ν historyΝ atΝ theΝ vaultΝ key is depicted, together with the maximum crack 
width, remaining uncracked zone and equivalent eccentricity, after the end of the analysis. 
 From the analysis of the basic load combination, it is observed that crack widths and remaining uncracked 
zones remain well below the acceptable limits (Fig. 16, right). This is also confirmed by the calculated 
equivalent section eccentricity from elastic analysis, implying that simplified code recommendations may yield 
reliable estimates in this case when advanced nonlinear analysis is not available. Furthermore, from the vault 
key deflection history, it is observed that mainly creep and temperature load stages induce larger displacements 
on the closed-section model due to its geometry. Therefore, it is concluded that for the basic load combination, 
the overall structural response of the unreinforced tunnel lining is satisfactory. 
 As far as the demoulding [dead + hydration] load sequence is concerned, which incorporates very low values 
for concrete strength (see Table 1), negligible cracking and practically zero deflection is observed at the vault 
key after the end of the analysis, for both the horseshoe and closed-section models. This is justified by the fact 
that the initial deflection/cracking caused by gravity load is counteracted by the subsequent concrete expansion 
induced by hydration heat loading (Fig. 17). This favourable response is revealed due to the use of the advanced 
concrete constitutive model, which can successfully handle crack closure. Consequently, it is considered that the 
lining response during demoulding remains well within safe limits. 
 
 3.2 Accidental loadings (static) 
 
 The first accidental load combination analyzed is hydrostatic loading due to possible blocking of the drainage 
pipe. Analysis is performed on the horseshoe model and results indicate no cracking along the vault section, a 
small maximum vertical deflection of 6.6 mm (which is 1/2000 of the lining inner diameter, well below any 
code limits that vary from 1/500 to 1/250 of the span for horizontal straight members), and an equivalent 
eccentricity of 8.1 cm. This is justified by the fact that hydrostatic loading is concentrated at the vault base and 
cannot cause important horizontal deflections (0.48 mm at vault key). Since all evaluation criteria are fully 
satisfied, it is considered that the hydrostatic combination is of minor importance and can be safely ignored. 
 On the contrary, under wedge loading, which replaces the conventional rock mass case, considerable concrete 
cracking is estimated,ΝespeciallyΝwhenΝhighΝ(α)ΝratiosΝareΝimposed.ΝTheΝconsideredΝ[deadΝ+ΝcreepΝ+ΝpavementΝ+Ν
wedge]Ν loadΝ sequenceΝ isΝ appliedΝ onΝ theΝ horseshoeΝmodelΝ forΝ twoΝ differentΝ casesΝ (αΝ =Ν 1/5Ν andΝ αΝ =Ν 1/3)Ν andΝ
analysis results are summarized in Fig. 18. It is observed that whereas crack widths are below allowable limits, 
the uncracked zone is estimated to be smaller than the minimum allowable value (hw/2). Moreover, cracking is 
not localized at the vault key bottom fibre, but is also significant at the lateral top fibres as well. Due to 
asymmetrical loading, an uneven deformed shape is developed, with relatively high values of deflection at the 
vault key. Therefore, wedge loading is found to be a critical accidental situation, which should be handled with 
caution in the design and assessment of unreinforced tunnel linings. 
 
 
 
Fig. 15 Approximation of the uncracked zone (left) and definition of section eccentricity (right). 
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Fig. 16 Analysis results for the basic load combination. 
  
 The final accidental case considered is blast (explosion) loading, following the [dead + creep] load sequence. 
Contrary to intuition, the analysis results do not demonstrate any concrete cracking at all, while vault key 
deflection is negligible. However, a closer observation of the deformed shape explains this structural response, 
since a large proportion of the blast energy is released on the gap opening of the construction joints, which are 
modelled as unilateral contacts with friction (Fig. 19, see also Fig. 3). It is noted that, if a monolithic modelling 
approach was followed instead (using a perfect connection between vault and footings/invert), the blast energy 
would inevitably have been absorbed by severe axial tensile failure of the vault sides, which does not 
correspond to the actual behaviour of a properly designed lining under blast loading. 
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Fig. 17 Demoulding load sequence and corresponding response. 
 
 αΝ=Ν1/5 
max crack width : 0.14 mm < 1.0 mm 
uncracked zone : 7.5 cm < hw/2 = 22.5 cm 
max vertical deflection : 15.37 mm 
 αΝ=Ν1/3 
max crack width : 0.19 mm < 1.0 mm 
uncracked zone : 7.5 cm < hw/2 = 22.5 cm 
max vertical deflection : 17.89 mm 
Fig. 18 Analysis results for wedge load combination. 
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Fig. 19 Analysis results for blast loading combination. 
 
 3.3 Fire loading 
 
 As already described in section 2.2.2, fire analysis is performed using an initial heat transfer analysis (thermal 
response), followed by a nonlinear static analysis (mechanical response). For thermal analysis, two different fire 
profiles of increasing severity (ETK, mHC) are applied. Fig. 20 shows the evolution of heat transfer using the 
standard ETK fire curve at the vault key region (response is identical along the entire fire front), for the 
considered exposure time of three hours (max 1100oC). It is observed that after the end of the exposure, at least 
half of the lining thickness remains at initial temperature (15oC). Similar results are obtained also by applying 
the mHC profile (max 1300oC). 
 Based on the strain fields resulting from the above heat transfer analysis, a nonlinear static analysis with 
variable (temperature-dependent) material properties is performed, following the initial application of the [dead 
+ creep + pavement + rock mass] load sequence. Fig. 21 shows the residual concrete tensile strength contours 
during fire exposure, where it is clearly observed that after the fire event, the remaining uncracked concrete 
regions correspond only to a small fraction of the lining section. This is also visible in the corresponding crack 
width contours on the same figure, where unacceptable cracking (over 1.0 mm width) is visible along the fire 
front boundary. Furthermore, in order to evaluate capacity factors according to code recommendations 
(EN1992-1-1 2004a), analysis is repeated using elastic concrete material with constant properties. However, 
flexural (MRd) and axial (NRd, see Eq. (4)) capacities are calculated considering the variation of concrete strength 
(fcd) with temperature. Fig. 22 shows the evolution of flexural capacityΝfactorΝ(ȜȂ),ΝaxialΝcapacityΝfactorΝ(Ȝȃ) and 
eccentricity (e) during the ETK fire exposure. It is observed that all different evaluation factors reach 
unacceptable limits very early (6~8 minutes of exposure) and therefore it is confirmed that the analysed 
unreinforced lining section is inadequate to resist standard fire loading. As far as the more demanding 
hydrocarbon fire curve (mHC) is concerned, it is obvious that the lining response is even worse, exhibiting 
severe cracking across the entire lining thickness, while simplified assessment criteria exceed the allowable 
limits after only two minutes of exposure. It is therefore concluded, that the consideration of fire loading is of 
paramount importance in the design and assessment of unreinforced concrete linings. 
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Fig. 20 Evolution of heat transfer at the vault key region for the ETK fire curve. 
  
 
 3.4 Seismic loading 
 
 The first two seismic load cases of asymmetric and symmetric loading, used for checking against longitudinal 
strains imposed by the surrounding rock mass, are applied following the [dead + creep + pavement + rock mass] 
sequence. From the analysis results, it is observed that these cases do not induce any concrete cracking on the 
lining section, which is attributed to the strong horizontal resistance of the surrounding rock mass (also observed 
for hydrostatic loading). Furthermore, calculated eccentricities of 8.5 and 7.3 cm, respectively, indicate that the 
lining response is well within safety limits. Therefore, it is confirmed that the above cases are not critical for the 
design and assessment of tunnel linings, especially in a rock terrain (Hashash et al. 2001). 
 On the contrary, the assessment of the lining response against shape change (ovalization analysis), has yielded 
interesting results. Considering the rock mass as an elastic continuum surrounding the concrete lining model, the 
imposedΝshearΝdistortionΝ(γ)ΝisΝappliedΝinΝaΝcyclicΝfashionΝ(γΝ=Ν+0.006Ν 0  −0.006Ν 0), following the dead 
andΝcreepΝloadΝcases.ΝFig.Ν23ΝshowsΝtheΝdeformedΝshapeΝ(×100)ΝofΝtheΝcontinuumΝmodelΝduringΝtheΝapplicationΝ
of shear distortion. It is observed that the lining undergoes a considerable shape change, combined with local 
detachments from the surrounding rock mass, a feature captured due to the direct modelling of unilateral contact 
interface conditions. Moreover, Fig. 24 shows the principal stress contours (0~0.5 MPa range), where the 
bearing forces of the rock mass continuum, due to the presence of the lining, are visualised. As far as concrete 
crackingΝisΝconcerned,ΝtheΝmaximumΝwidthΝvalueΝ(observedΝatΝγΝ=Ν−0.006)ΝisΝequalΝtoΝ0.73Νmm,ΝwhichΝisΝcloseΝtoΝ
the adopted limit of 1.0 mm. Moreover, the depth of the uncracked zone is estimated to be about 5 cm, which is 
considerably less than the minimum allowable value of hw/2 (Fig. 23, bottom-right). 
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Fig. 21 Evolution of concrete cracking during ETK fire exposure 
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Fig. 22 Evolution of capacity factors (λȂ ,Νλȃ) and eccentricity (e) during ETK fire exposure. 
 γΝ=Ν+0.0006 ()  γΝ=Ν−0.0006 (←) 
 
end of analysis  
 
lateral crackingΝatΝγΝ=Ν−0.0006 
Fig. 23 Model deformed shape and cracking during ovalization analysis. 
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Fig. 24 Principal stress contours of the rock mass continuum during ovalization analysis (undeformed shape). 
 
 To further confirm the strong indication of lining section inadequacy due to shape change loading, the 
maximum section eccentricities during cyclic analysis are calculated. Section inadequacy was observed for all 
critical loading stages, for instance: 
 
dead+creep  emax = M/N = 8.76/16.93 = 51.7 cm > 22.5 cm  section inadequate 
γΝ=Ν−0.0005  emax = M/N = 64.87/27.29 = 233.7 cm > 22.5 cm  section inadequate 
 
 However, it is noted that consideration of the above large eccentricity values, which correspond to relatively 
low moments and axial loads (e.g. for the dead + creep case), may result in misleading conclusions, regarding 
the adequacy of the section if cracking has not actually taken place. This issue is also identified in some 
guidance documents (e.g. AFTES 2000), where the tensile strength of concrete is neglected. For this reason, the 
above procedure may be refined by using elastic analysis of the uncracked section (EN1992-1-1 2004a) and 
checking the tensile stress at the section extreme fibre, as follows: 
 
  σmax = 
y
N M y
A I
    (5) 
 
dead+creep  σmax = 0.30 MPa < fctd = 1.42 MPa  section adequate 
γΝ=Ν−0.0005  σmax = 2.00 MPa > fctd = 1.42 MPa  section inadequate 
 
 From the additional consideration of the above conventional checks, it is seen that the unreinforced lining 
section response under shape-change effects induced by seismic loading, can be a critical design situation in 
earthquake-prone areas and should be duly taken into account. 
 
 
4. Concluding remarks 
 
 The paper identified areas wherein existing codes and guidelines for the design of unreinforced concrete 
linings need further improvement and/or harmonization. Since the basic design criterion for such linings is the 
degree of cracking (depth, as well as width, of critical cracks) it appears necessary to provide to the tunnel 
designer the option of either using advanced analysis methods that result in reliable estimates of the cracking 
characteristics, or using simplified methods, based on familiar elastic analysis that lead to results that are safe, 
without being over-conservative.  
 The finite element analysis procedure described in detail herein is deemed to be useful to designers familiar 
with the basic concepts of such an analysis, as it provides guidance both on setting up an appropriate model of 
the lining and the different loads acting upon it, and on interpreting the results of this analysis and expressing 
them in terms of quantities that allow proper safety verifications (neutral axis depths, axial load eccentricities, 
crack widths). Comparisons between the key results of nonlinear finite element analysis and those of simplified 
code-type relationships showed that the latter are generally safe, but often over-conservative, especially when 
tensile strength of concrete is ignored and limitations on the eccentricity are imposed. 
 The results of the analysis of the specific common cross-sections (horseshoe and closed) in section 3 of the 
paper, although strictly applicable to the section geometries studied, are deemed to be of broader interest. In 
addition to the above conclusions regarding sophisticated and simplified methods, it is interesting to note that 
the most critical design situations were found to be fire loading (especially the hydrocarbon fire case, which 
corresponds to the rare, but plausible, case that a lorry carrying fuel is set into fire while crossing a tunnel), and 
the ovalization of the lining due to seismic ground deformations (note that the case studied here corresponds to a 
high seismicity area); formation of rock wedges around the tunnel lining could also be a critical situation, albeit 
less critical than the previous ones, and should be checked in tunnels bored into rock. Last and not least, it was 
found that among the two typical cross sections studied, the horseshoe section is generally more appropriate 
than the closed (through an invert) section for unreinforced concrete linings in rock. 
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